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The present study investigates the fidelity and resolution sensitivity of Met Office Unified
Model Global Atmosphere 3.0 in simulating the intraseasonal oscillation (ISO) of the
East Asia and western North Pacific summer monsoon. Two sets of model simulations at
horizontal resolutions of N216 (60 km) and N96 (130 km) forced by observed daily high-
resolution sea-surface temperature are examined and compared with the observations.
Diagnostic results show that the model can well reproduce the gross spatio-temporal
features of observed summer ISO over East Asia and the western North Pacific in terms
of period, dominant rotated empirical orthogonal function (REOF) mode, variance,
northward propagation, cycle evolution and vertical structure. The intraseasonal change in
intensity and position of the western North Pacific subtropical high and upper troposphere
westerly jet associated with the northward propagating ISOs are also reasonably captured
in the model. Moreover, increasing horizontal resolution improves most aspects of the
ISO simulation, especially the intensity and northward propagation of the ISO-related
convection and circulation systems. Further analysis indicates that the improvement as
resolution increases is related to the weakening in background state of the East Asian
summer monsoon, which is due to the realistic simulation of land–sea thermal contrast in
the higher resolution model. This study suggests that enhanced model resolution can have
some beneficial impacts on the ISO simulation.
Key Words: intraseasonal oscillation; high resolution modelling; East Asia summer monsoon; Met Office Unified
Model
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1. Introduction
The intraseasonal oscillation (ISO), with periodicity between
10 and 90 days, is a leading mode of intraseasonal variability
over the western North Pacific (WNP) and the East Asia region
(Yasunari, 1979; Wu, 1993). The boreal summer ISO (BSISO)
has a more complex structure compared to the wintertime
Madden–Julian Oscillation (MJO: Madden and Julian, 1972),
in which eastward propagation dominates, by also exhibiting
northward or northwest propagation of convective anomalies
(Lau and Chan, 1986;Wu and Li, 1990;Wang and Xie, 1997). The
northward propagation of the ISO, characterized by the active
and break spells, plays a vital role in the onset and withdrawal
of the East Asia and WNP summer monsoon, Meiyu in central
China and the Baiu in Japan (Chen and Murakami, 1988; Hsu
andWeng, 2001). It alsomodulates sub-seasonal variability of the
subtropical high and tropical cyclone genesis and tracks over the
WNP region (Wang and Zhou, 2008; Mao et al., 2010), thus has
significant influence on the socio-economic growth of East Asian
countries. Considering the crucial role the ISO plays in the East
Asia andWNP summermonsoon, improved BSISO simulation in
state-of-the-art general-circulation models (GCMs) would have
a beneficial impact not only on the extended range prediction of
the active and break spells, but also in seasonal prediction.
Simulation of the BSISO over the Asian region has received
much attention, but major challenges remain. Typically, model
ISOs are too weak and show standing propagation structures
(Liu et al., 2008; Kim et al., 2012; Hu et al., 2013). By analysing
the ten Atmosphere GCMs (AGCMs) from the monsoon GCMs
intercomparison project, Waliser et al. (2003) found that most
AGCMs fail to represent the eastward propagating convection
and the northwest–southeast-tilted rain band associated with
c© 2016 The Authors. Quarterly Journal of the Royal Meteorological Society published by John Wiley & Sons Ltd on behalf of the Royal Meteorological Society.
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Figure 1. May–September mean OLR (Wm−2) and 850 hPa wind vectors from
the (a) NOAA and JRA reanalysis, (b) N96, and (c) N216.
the BSISOs, and the model BSISO patterns are typically less
coherent and have smaller zonal and meridional spatial scales
than the observed patterns. Lin et al. (2008) evaluated BSISO
over the Asian monsoon region in 14 GCMs and indicated that
most of them overestimate the near-equatorial precipitation and
underestimate the variability of the northward propagating ISO.
ISO in 32 Coupled GCMs (CGCMs) participating in the Coupled
Model Intercomparison Project (CMIP) phase 5 was examined
by Sabeerali et al. (2013). They found that most models could
not simulate the spatial pattern of BSISO variance over the
Asian monsoon region and fail to simulate the phase relationship
between precipitation and wind associated with the northward
propagating BSISO.
While the model disagreement in BSISO simulation has
been linked to differences in the representation of moisture
processes, mean state and air–sea interaction (Fu and Wang,
2004; Ajayamohan and Goswami, 2007; Fang et al., 2013), there
are increasing studies concerning the role of the model resolution
in representation of ISO/MJO in recent years. These studies
indicated that higher resolutionmodels resolving deep convective
motions and topography explicitly do not only simulate realistic
behaviour of anMJO event (Rajendran et al., 2008; Liu et al., 2009;
Satoh et al., 2012), but also realistically capture some aspects of the
BSISO in the Indian summermonsoonregion (Oouchi et al., 2009;
Abhik et al., 2016). As for the East Asia summermonsoon (EASM)
region, the resolution sensitivity study of BSISO, however, is less
well known. Given the unique characteristics of midlatitude
variation and the greater heterogeneity of the underlying surface
conditions and topography that the ISO is influenced by, it is
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Figure 2. Taylor diagram for GA3.0 at two horizontal resolutions (N96 and
N216) to summarize the relative skill to simulate theMay–September mean fields
over the region (100–150◦E, 0–42◦N).
necessary to evaluate the performance of high resolution AGCMs
in simulating the BSISO over the WNP and East Asia region and
to reveal its response to resolution.
In this study, we analyse a series of AMIP-style climate
integrations with two different horizontal resolutions of N96
(about 130 km at 50◦N) and N216 (about 60 km at 50◦N)
generated for the United Kingdom on The Partnership for
Advanced Computing in Europe (PRACE): weather resolving
Simulations of Climate for globAL Environmental risk campaign
(UPSCALE campaign: Mizielinski et al., 2014), using the Met
Office Unified Model (MetUM) atmosphere–land configuration
named Global Atmosphere 3.0 (GA3.0). As many other aspects
of the AGCM as possible remain unchanged, which enables
investigation into the impact that enhanced resolution has
on aspects of East Asia and WNP summer monsoon and
its intraseasonal variability, particularly on how the associated
processes are better represented. With 27-year (1985–2011)
simulations and three ensemble members, this dataset is more
extensive than any other individual GCM dataset used to study
the resolution sensitivity.
The description of the model, various observational datasets
utilized for the evaluation of the simulations and the adopted
methodologies are discussed in section 2. Section 3 describes
the ability of the model to simulate the mean state of the East
Asia and WNP summer monsoon, as well as the temporal and
spatial variability of the northward propagating BSISO. The
major conclusions and findings of the study are summarized
in section 4.
2. The model, data andmethodology
2.1. The Met Office Unified Model
The climate models used in this study are GA3.0 and Global Land
3.0 (GL 3.0) configurations of the MetUM atmosphere and the
Joint UK Land Environment Simulator respectively developed
for use in global and regional climate research and weather
prediction activities. The default GA3.0 and GL3.0 configurations
are documented in Walters et al. (2011) and Mizielinski et al.
(2014). These references describe many relevant developments
compared to the Hadley Centre Global Environment Model
family version 2 (HadGEM2 Development Team, 2011) from
CMIP5, including the standard use of 85 levels up to 85 km
for improved stratospheric representation, a prognostic cloud
fraction and cloud concentrate scheme (Wilson et al., 2008),
c© 2016 The Authors. Quarterly Journal of the Royal Meteorological Society
published by John Wiley & Sons Ltd on behalf of the Royal Meteorological Society.
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Figure 3. Mean power spectra of OLR for the 15 summers during 1997–2011 over the (a–c) EASM and (d–f) WNP region for (a,d) NOAA reanalysis, (b,e) N96, and
(c,f) N216.
modifications to microphysics to reduce the spurious occurrence
of drizzle (Abel andShipway, 2007), andupgraded solar spectrum.
A core principle of development of theMetUM is the construction
of a traceable hierarchy of model resolutions running from the
coarse grids to finer grids. Thus very few scientific settings in the
MetUM are changed with resolution, but a few parameters must
be changed to ensure numerical stability. These changes include
the time step, the magnitude of polar filtering in the advection
scheme, and the diffusion of vertical wind velocities in the upper
five levels of the atmosphere (Mizielinski et al., 2014). These
dynamical adjustments were found not to impact the climatology
of the simulations (Demory et al., 2014).
The UPSCALE project (Mizielinski et al., 2014) constructed
and ran an ensemble of GA3.0 and GL3.0 global atmosphere-only
climate simulations over the period 1985–2011 at different
horizontal resolutions, while retaining their vertical resolution.
A 15-year period of 1997–2011 is selected from two ensemble
integrations at resolution of N96 (130 km) and N216 (60 km) for
this study (hereafter referred to as N96 and N216, respectively).
The three ensemble members at N216 and five ensemble
members at N96, with each member differing only in the initial
conditions, follow the Atmospheric Model Intercomparison
Project II (AMIP-II) standard but with a few deviations made
for scientific reasons. One such deviation is the use of daily
sea-surface temperature (SST) and sea ice forcings, derived
from the Operational Sea-surface Temperature and sea Ice
Analysis (OSTIA) product (Donlon et al., 2012), which has a
native resolution of 1/20◦ and is a synthesis of satellite and
in situ observations covering 1985 to the present day. OSTIA
was chosen because of its finer resolution than other datasets,
allowing a richer and more realistic representation of the ocean
surface on the model grid. Moreover, the monthly mean value of
greenhouse gas and aerosol emissions evolving from1985 to 2011,
defined by the AMIP-II protocols, is imposed in the ensemble
simulations.
2.2. Data and methodology
The simulations are validated with various observed datasets over
the May–September period of 1997–2011. The characteristics of
convection in the region are deduced from outgoing long-wave
radiation (OLR) data and a merged precipitation analysis. Daily
OLR is obtained from the National Oceanic and Atmospheric
Administration (NOAA) polar-orbiting satellites (Liebmann
and Smith, 1996). Daily precipitation is based on the Global
Precipitation Climatology Project (GPCP) rainfall with 1◦ grid
(Adler et al., 2003). The 25-year Japanese Reanalysis (JRA-25:
Onogi et al., 2007) daily averaged zonal wind, temperature,
geopotential height and specific humidity dataset with 1.25◦
longitude× 1.25◦ latitude are utilized to analyse ISO-related
variability. Vorticity is computed using u and vwind components
from JRA-25 and simulation results.
The Taylor diagram metric (Taylor, 2001) is used to assess
the overall performance of the model against observation. To
focus on the intraseasonal variability, the daily anomalies for
both observations and simulations are calculated by removing
the annual cycle, composed of the time mean and the first three
harmonics. Then, Lanczos bandpass filters (Duchon, 1979), with
200weights and retainingperiods of 20–70 days, are applied to the
anomaly datasets covering all the seasons. Finally, daily anomalies
corresponding to the boreal summer season (May–September)
are extracted for analysis. Standard metrics, including estimation
of variance, power spectra, lag correlation, lag regression,
composite analysis, and varimax rotated empirical orthogonal
function (REOF) analysis, are applied to evaluate the realism of
the simulated BSISO over the East Asia and WNP region.
c© 2016 The Authors. Quarterly Journal of the Royal Meteorological Society
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3. Results
3.1. Mean states
Monsoon ISOs are essentially fluctuations superimposed on the
mean monsoon state (Wang and Xie, 1997; Liu and Wang,
2013). We therefore first investigate the simulation of the
mean state of the East Asia and WNP summer monsoon.
Figure 1 shows the observed and simulated May–September
mean OLR and 850 hPa wind field. In observations (Figure 1(a)),
a cyclonic low-level circulation associated with the monsoon
trough prevails over the South China Sea (SCS), and an expansive
anticyclonic circulation, which is part of the Western North
Pacific Subtropical High (WNPSH), dominates the WNP region.
The WNP summer monsoon corresponds to the band of low
outgoing long-wave radiation (OLR) extending from the Pacific
intertropical convergence zonewestwardacross theSCSand Indo-
China Peninsula. The model at both the horizontal resolutions
(Figures 1(b) and (c)) overestimates theOLR to the south of 20◦N,
especially over the SCS and Indo-China Peninsula, indicating dry
bias in these regions. Compared with N96 (Figure 1(b)), N216
(Figure 1(c)) reduces the OLR bias over most of the East Asia and
WNP region, especially over the Tibet Plateau and Indo-China
Peninsula, probably due to the improved representation of the
orography. However, the model shows increasing dry bias over
the equatorial western Pacific as resolution increases.
The fidelity of the model to simulate the seasonal mean
climatology at two different horizontal resolutions is summarized
in the Taylor diagram shown in Figure 2. It assesses the
May–September mean spatial pattern correlation, root mean
square (RMSE) difference and the simulated to observed ratio
of the variances of rainfall, sea-level pressure (SLP), 850 hPa
specific humidity (Q850), 500 hPa geopotential (H500), and
200 hPa zonal wind (U200) over the East Asia and WNP region
(100–150◦E, 0–42◦N). The distance from the origin indicates the
normalized standard deviation of each variable, while the cosine
of the angle swept out by the position vector from the origin
indicates the pattern correlation between observed and simulated
variable. The distance from the reference point (marked by solid
black dot) to the plotted point denotes the RMSE. The isocircles
(black concentric circles) of RMSE are drawn based on the
skill score calculation using normalized standard deviation and
the correlation coefficient. An accurately simulated variable that
has least RMSE, highest correlation and normalized standard
deviation close to unity should be placed close to the reference
point. Figure 2 indicates that the model reasonably produces
U200 and H500 over the region, but shows considerably poor
skill in simulating the rainfall, Q850 and SLP.Moreover, the close
distance between N216 and N96 for all the variables indicates
small resolution sensitivity of the seasonal mean state in the
model.
3.2. Power spectrum, variance and leading REOF mode
The dominant periodicities of ISO OLR over part of the
WNP (110–155◦E, 0–20◦N) and the EASM region (100–140◦E,
20–42◦N)were identified through themulti-yearmean spectra of
15 summers (May–October) during 1997-2011 (calculated using
the unfiltered daily data). Over the EASM region, the observed
OLR has a major peak at 30 days, a secondary peak around
20–30 days, and a third peak at 15 days (Figure 3(a)). The N96
captures the 30-day peak, but the 20-day peak is overestimated
and there is an additional peak at 45 days (Figure 3(b)). It is
noted that N216 captures all the three peaks reasonably, although
the variance of the 30-day peak is stronger than the observation
(Figure 3(c)).Over theWNP region, the observationhas twomain
peaks at 45 and 20 days respectively (Figure 3(d)).While these two
peaks are well reproduced at N216 (Figure 3(f)), an unrealistically
strong 60-day peak is produced at N96 (Figure 3(e)). Note also
that the observation also has a minor peak around 30 days, which
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Figure 4. Varianceof 20–70-dayfilteredOLR(Wm−2)during theboreal summer
(May–September) for (a) NOAA reanalysis, (b) N96, and (c) N216.
is well captured at N216 but absent at N96. Overall, the model
captures the dominant periodicities of BSISO over the East Asia
and WNP region, and improvements as a result of increased
resolution are significant. Given that the dominant periodicity
of BSISO over the East Asia and WNP region is 20–70 days, the
BSISO signal was extracted from the daily data using a 20–70-day
Lanczos filter in the following analyses (Duchon, 1979).
Figure 4 shows the variance of filtered intraseasonal OLR over
the WNP region during May–September for the observations,
N96 and N216. The intraseasonal variance of observed OLR
shows maxima located over the SCS and the Philippine Sea. The
N96 captures the above active BSISO centres, but the BSISO
variance is overestimated over the whole East Asia and WNP
region (Figure 4(b)). When increasing the horizontal resolution
to N216, the BSISO variance is significantly reduced, thus
comparing better with observation (Figure 4(c)), but the variance
is still stronger than the observation. Earlier studies showed that
the large-scale horizontal structure of intraseasonal variability
and climatological mean state is similar (Liu and Wang, 2013;
Shukla, 2014). Therefore, the strong BSISO variance for both
the two models is associated with the overestimation of the
seasonal mean OLR over the SCS and WNP region as shown in
Figure 1.
Lin (2012) and Lee and Wang (2015) extracted the leading
modes of the BSISO signals over the East Asia and WNP region
using EOF analysis of combined 20–70-day bandpass filtered
OLR and 850 hPa zonal winds (U850). They found that the
first two leading EOFs reasonably well represent the northward
c© 2016 The Authors. Quarterly Journal of the Royal Meteorological Society
published by John Wiley & Sons Ltd on behalf of the Royal Meteorological Society.
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propagation BSISOs. In this study, a REOF, rather than EOF,
analysis is performed because it has been demonstrated to be
more capable at revealing spatial structures and dividing spatial
patterns in comparison studies among themodel simulations and
observations (Kawamura, 1993).
Analysis here is focused on the first two leading REOFmodes of
the combined fields of intraseasonal OLR andU850 averaged over
105–145◦E, as shown in Figure 5. For the observations, REOF1
is characterized by a negative OLR anomaly with enhanced
convection centred near 10◦N over the WNP region, whereas
EOF2, almost in quadrature toREOF1, has a dipoleOLR structure
with above-normal convectionnear 17.5◦N(Figures 5(a) and (b)).
Additionally, there is a signal displacement of the U850 maxima
relative to the convection signal with low-level easterly (westerly)
tending to lead (lag) the convective maximum. These two modes
are similar to their corresponding EOF modes shown in Lin
(2012) and Lee and Wang (2015) despite a 5◦ southward shift
of both the OLR and U850 anomaly centres. Together these two
modes constitute the northward propagating BSISOs, and explain
more than 40% of the total filtered variance.
The simulated first two leadingmodes, together accounting for
39.7 and 39.1% of the total explained variance for N96 and N216
respectively, displaywind and convection patterns consistentwith
the observations (Figures 5(c)–(f)). Therefore, the leading REOF
pair in the model represent the main structure and northward
propagation of the BSISO over the East Asia and WNP region.
However, the modelled circulation and convection anomaly
centres for both the REOF modes show northward displacement,
especially for the N96 simulation (Figures 5(c)–(f)). The BSISO
REOF representation for both modes is improved significantly at
N216, but the zonal wind anomaly is overestimated over East Asia
in REOF2 (Figure 5(f)) and in phase with convection in REOF1
(Figure 5(e)), which is in disagreement with the observation.
3.3. Northward propagation of BSISO
To demonstrate the northward propagation and time-varying
features of the BSISO over the East Asia and WNP region,
lag–latitude correlation and regression analyses were executed.
The intraseasonal filtered precipitation averaged over the SCS and
Philippine Sea (10–22◦N, 110–130◦E), where the BSISO has a
maximum variance (Figure 4), is used as the reference time series
for the correlation and regression. Before being used, the reference
time series is standardized by its own standard deviation.
Figure 6 displays the propagation characteristics of 20–70-day
filtered precipitation andU850 over theWNP region, constructed
from the correlation analysis. Both the two simulations
(Figures 6(b) and (c)) capture the observed (Figure 6(a))
northward migration of ISO anomalies over the East Asia and
WNP region, with precipitation leading U850 by 3–5 days. The
phase relationship is well captured, with westerly anomalies
existing under active ISO convection, while an easterly anomaly
c© 2016 The Authors. Quarterly Journal of the Royal Meteorological Society
published by John Wiley & Sons Ltd on behalf of the Royal Meteorological Society.
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develops to the north of this convection. However, there are
some differences as well. The precipitation anomaly at N96
simulation is stronger to the north of 20◦N and weaker to the
south of 10◦N (Figure 6(b)), while it is more realistic at N216
(Figure 6(c)).
Figure 7 shows space–time evolution of regressed OLR and
850 hPa wind anomalies with a period of 40–45 days from
observation (left column), N96 (middle column) andN216 (right
column). It is found that both the N96 (Figure 7(b)) and N216
(Figure 7(c)) capture the observed features of 850 hPa wind and
convection anomalies for the BSISO life cycle with a coupled
circulation–convection system that propagates northward and
northwestward from the equatorial western Pacific. A well-
organized anomalous cyclone (anticyclone) in conjunction with
the peak enhanced (suppressed) convection alternately dominates
the SCS and WNP, forming a dipole pattern. This coupled
circulation–convection system is similar to that identified by
Hsu and Weng (2001) and Mao et al. (2010), indicating a Rossby
wave-like behaviour. However, the circulation and convection
anomalies at N96 show a slightly northeast–southwestward tilt,
while those in the observation and N216 seem to be more zonal.
Note that the magnitude of OLR anomaly is improved when
increasing resolution, especially for the active (lagday 0) andbreak
phase (lag day −21) of the WNP rainfall (Figures 7(b) and (c)).
3.4. Structure of the BSISO-related anomalies
Figure 8 shows the vertical structure of the ISO signal including
regressed vorticity, specific humidity and equivalent potential
temperature averaged over 125–135◦E at lag day +7. It is found
that the latitude of the maximum convection centre (MCC) at
lag day +7 is about 17◦N (Figures 8(j)–(l)) in observation and
both two simulations with an improvement in magnitude at
N216. In observation, the vertical distribution of vorticity shows
(Figure 8(a)) an equivalent barotropic structure and the centres
of positive vorticity lie about 2–8◦ north of the MCC. Maximum
specific humidity occurs in the lower troposphere with a centre
located over 700 hPa to the north of the MCC (Figure 8(d)) and
it contributes to the enhancement of the convective instability by
enhancing the equivalent potential temperature (Figure 8(g)). The
asymmetric structure of these dynamical and thermodynamical
parameters with respect to the MCC, which is found to be key
to the northward propagation of the BSISO (Jiang et al., 2004), is
well captured in both simulations with similar phase relationship
(Figures 8(b), (c), (e), (f), (h), (i)). However, the magnitude of
specific humidity and equivalent potential temperature at N96 is
obviously stronger than that in observation and N216 simulation
(Figures 8(e), (f), (h), (i)). This discrepancy in conjunction with
a stronger magnitude of the MCC (Figure 8(k)) may explain the
strongBSISO signal (Figure 6(b)) over the East Asia region atN96.
It is well known that the sub-seasonal migrations of the
rain band over the East Asia and WNP region are strongly
influenced by the intraseasonal variations of the WNPSH
and subtropical westerly jet through the modulation of the
southwesterly monsoon and upper-level atmospheric divergence
(Ding and Chan, 2005; Mao and Wu, 2006; Zhou et al., 2009).
Here, composite technique is used to examine the intraseasonal
variability of the WNPSH and the subtropical westerly to gain
insight into the deficiencies of the model physics. Based on the
domain-averaged rainfall anomaly over the SCS and Philippine
Sea (10–22◦N, 110–130◦E), a strong BSISO cycle is defined as
one including both an active and a break period, with the peak
amplitude of each period greater than a threshold of one standard
deviation of the referenced time series. Time-lagged composition
is constructed using datasets from 25 days prior to 25 days after,
and then averaged over each lead and lag and ensemble over
15 years. Using the above criteria, 36 events are selected for the
observation, 27 for N96, and 31 for N216, respectively.
Figure 9 shows the composited unfiltered and filtered 500 hPa
geopotential height at time lag of 0 and −21 days, which are
the active and break phases of the WNP summer rainfall for
both the observation and two simulations. The observed ISOs are
characterized by a north–south dipole structure in anomalous
geopotential height, corresponding to the westward extension
and eastward retreat of the WNPSH as clearly identified from
the unfiltered field (Figures 9(a) and (b)). These features are well
reproduced at both N96 (Figures 9(c) and (d)) and N216 (Fig-
ures 9(e) and(f)), but thegeopotential height anomaly to thenorth
of 40◦N is not realistically simulated. Note that the simulated
unfiltered state of the WNPSH is obviously underestimated for
both lag times. The analysis at other lag times (figure not shown)
also shows an underestimation of the WNPSH, indicating a sys-
tematic model error, which is also found in previous studies (Boo
et al., 2010; Bush et al., 2015; MacLachlan et al., 2015). Compared
with N96 (Figures 9(c) and (d)), the magnitude of geopotential
height anomaly over the WNP is obviously reduced (Figures 9(e)
and (f)), which is in better agreement with the observation.
Increasing resolution also improves the simulation of unfiltered
500 hPa geopotential height at lag day 0 (Figures 9(c) vs. 9(e)).
Figure 10 shows the composite unfiltered (contour) andfiltered
(shaded) 200 hPa zonal winds for the observation and the two
simulations at time lag of 0 and −21 days. The intraseasonal
change of the observed 200 hPa zonal wind manifests in the weak
(strong) and slightly southward (northward) extension of the
subtropical westerly jet over the East Asia region during the active
c© 2016 The Authors. Quarterly Journal of the Royal Meteorological Society
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Figure 7. The regressed space–time evolutions of 20–70-day filtered OLR (Wm−2, shaded) and 850 hPa wind vectors over the East Asia and WNP region with
respect to the rainfall time series averaged in the SCS and Philippine Sea (10–22◦N, 110–130◦E) for (a, left) JRA-25 and NOAA reanalysis, (b, middle) N96, and (c,
right) N216. The regression coefficients have been scaled by one standard deviation of the rainfall time series.
(break) phase of the WNP rainfall (Figures 10(a) and (b)), as
illustrated by both the unfiltered and filtered 200 hPa zonal wind.
In high summer, the variability of the jet latitude and intensity, on
time-scales from synoptic to interannual, in this region is larger
than further upstream or during the rest of the year (Schiemann
et al., 2009). We show here that some of this variability is
explained by the BSISO. Although these intraseasonal changes
of 200 hPa zonal wind over the Asian continental region are not
well simulated when resolution increases, the change is improved
in terms of the position and magnitude for both the filtered and
unfiltered field over the North Pacific (Figures 10(c)–(f)), where
the sub-seasonal variations of westerly jet are found to be more
related to the BSISO rainfall over the EASM and WNP region
(Ding and Chan, 2005; Niranjankumar et al., 2011).
3.5. Possible causes for the improvement in BSISO simulation with
increasing resolution
To further reveal the reason for the improvement in the simulation
of the spatial and temporal variation of the BSISO over the East
Asia and WNP region as resolution increases, we first check the
difference betweenN216 andN96 for composited unfiltered near-
surface temperature and 500 to 200 hPa averaged temperature
over the Asian region at lag day 0 as shown in Figure 11(a).
It is found that increasing resolution reduces the near-surface
temperature over most of the Asian continent, while the changes
are negligible over the ocean region due to the prescribed sea-
surface temperature. The 500 to 200 hPa averaged temperature
is also reduced to the north of 20◦N with the centre located
over northeast Asia as resolution increases (Figure 11(a)). Since
N96 shows warm biases over most of the East Asian region and
especially the Asian continent as shown in Figure 11(b), this
change of temperature indicates an improvement in the higher
resolution model. Further analysis of the time–latitude section of
unfiltered near-surface temperature and 500 to 200 hPa averaged
temperature along 95–120◦E (Figures 11(c) and (d)) also suggests
a reduction of continental temperatures in the higher resolution
model, implying reduced land–sea thermal contrast over the
East Asia region as resolution increases. Given the fact that the
EASM is a result of land–sea thermal contrast (Guo, 1983; Zhu
et al., 2005), the change in land–sea thermal contrast indicates a
weakened EASM in the higher resolution model.
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Figure 12 shows the composite of the unfiltered precipitation
and 850 hPa water vapour transport from the observation, N96
and N216, and the corresponding difference between the N216
and N96 at lag day 0. It is found that the monsoon trough
is located over the SCS and Philippine Sea during the active
phase of WNP rainfall (Figures 12(a)–(c)). An anomalous
anticyclonic moisture transport corresponding to the weakening
of the EASM is seen in N216 located over the north SCS and
WNP, resulting in precipitation decrease in these regions at higher
resolution (Figure 12(d)), while during break phase of the WNP
rainfall (at lag day −21), since a strong WNPSH dominates the
WNP and SCS region in observation and the two simulations
(Figures 9(b), (d), (f)), the difference between N216 and N96 is
negligible (figure not shown). These changes of circulation and
convection as resolution increases indicate a weakened amplitude
of intraseasonal variability, which is more consistent with the
observation. On the other hand, the reduction of temperature
over the middle and upper troposphere indicates an enhanced
meridional temperature gradient over the East Asia region in the
higher resolution model. Based on the principle of thermal wind,
the subtropical westerly jet is, therefore, stronger and shifted
southward as the model resolution increases (Figures 10(e) and
(f)). These changes are consistent with many previous studies
(Zhou et al., 2009; Li et al., 2010), which showed that the
weakening of EASM is characterized by the weakening of the
850 hPa southwesterly winds (Figure 12(d)), a strong WNPSH
(Figure 9(e)), strengthened and southward shift of the 200 hPa jet
stream (Figures 10(e) and (f)), and a cooling trend in the middle
and upper troposphere (Figures 11(a) and (c)).
4. Summary and discussion
The ISO is a prominent feature of the East Asia andWNP summer
monsoon. Monsoon prediction on medium-range to seasonal
time-scales by dynamical models is strongly dependent on their
ability to simulate the BSISO. In this study, we have examined the
ability ofMetUMGA3.0 with two different horizontal resolutions
to simulate the space–time evolution of the BSISO over the East
Asia and WNP region from a series of AMIP-style integrations
forced by observeddaily high-resolution sea-surface temperatures
and sea ice. The effect of the model resolution on the model
performance and the associated underlying physical mechanisms
are further explored and discussed. The main results can be
summarized as follows.
Themodel at two different resolutions can reasonably simulate
salient spatio-temporal features of observed BSISO over the East
Asia andWNP region in terms of period, dominant REOF mode,
variance, northward propagation, cycle evolution and vertical
c© 2016 The Authors. Quarterly Journal of the Royal Meteorological Society
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structure. The intraseasonal change in intensity and position of
the westernNorth Pacific subtropical high and upper troposphere
westerly jet associatedwith the northward propagatingBSISOs are
also well captured in the model, although the background states
of both the WNPSH and upper troposphere westerly jet are weak
in the model simulations. The main biases are the overestimation
of the BSISO variance of OLR over the whole WNP region
and weak northward propagating ISO precipitation signals over
the equatorial western Pacific. These biases likely result, at least
partially, from the erroneous representation of seasonal mean
convection over the equatorial western Pacific region. This result
suggests that further improvement in the cumulus and cloud
parametrizations, especially for the WNP region, is required.
Although there is little sensitivity of the seasonal mean
of the East Asia and WNP summer monsoon to the model
horizontal resolution, increasing model resolution leads to
an improvement in representing aspects of BSISO. The N96
overestimates the BSISO variance with dominant period longer
than the observation, while those at N216 are more realistic. The
northward propagating intraseasonal precipitation signals and
the REOF structure of BSISO are better simulated at N216 than
at N96.The simulation of ISO-related circulation systems is also
improved as resolution increases, especially in representing the
alternating development of low-level cyclonic and anticyclonic
anomalies over the WNP region and the associated zonal
change of the WNPSH. Further analysis indicates that these
improvements are related to the weakening of background states
of the EASM, which is found to be due to the improved
simulation of the land–sea thermal contrast as resolution
increases.
Demory et al. (2014) found that, in several versions of the
MetUM, global precipitation shifts from sea to land as resolution
increases. The recent study by Johnson et al. (2016), also using
the GA3.0 UPSCALE integrations, shows a similar result. They
concluded that better resolution of orography in the Tropics
results inmore tropics-wide convergence, and consequently leads
to a precipitation increase over land and decrease over the ocean,
especially in the equatorial Pacific. This result is consistent with
many other resolution sensitivity studies (Liu et al., 2008; Kan
et al., 2015), which showed that increasing model horizontal
resolution may allow more cloud processes to be resolved by
the microphysics scheme rather than by the convection scheme
and result in less convective precipitation. The weakening of the
emission of Rossby waves (Chen andMurakami, 1988; Mao et al.,
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2010), resulting from the convective heating over the equatorial
western Pacific, may be responsible for the EASM weakening
and the resulting improvement in BSISO simulation in our
study. This needs to be explored further through numerical
experiments.
Finally, although BSISO simulations made by the higher
resolutionmodelweremore realistic, difficulty remains in realistic
representation of the variance and propagation characteristics of
the BSISO for bothmodels. This signifies that change in resolution
alone is not sufficient to improve the convectively coupled BSISO
variability in the model until convection is explicitly resolved.
From this point, updating the cloud and radiation processes
and cumulus convection parametrization, which are closely
related to the convection and associated BSISO simulation,
may be an important step for the future development of the
MetUM. Moreover, previous studies suggested that the inclusion
of air–sea coupling can lead to significant improvements in
BSISO simulations and predictions in terms of the large-scale
organization, amplitude and propagation (Fu and Wang, 2004;
Seo et al., 2007). Thus, future work will further explore the
resolution sensitivity of the East Asian and WNP summer
monsoon and its intraseasonal variability in the MetUM coupled
model simulations.
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